[1] We have developed a new experimental method to investigate the anelasticity of a polycrystalline solid at high homologous temperature (T/T m = 0.6-0.7). By using a rock analogue (borneol polycrystals) and a partially molten rock analogue (borneol + melt) having low melting and eutectic temperatures (T m = 204.5°C, T e = 43°C), respectively, testing high homologous temperature can occur near room temperature. An apparatus is described for cyclic compressive, Young's modulus type attenuation experiments over a wide range of frequencies (10-10 −4 Hz) and at small strain amplitudes (10 ). Creep tests to measure steady state viscosity can also be performed. Details of the apparatus, including its piezoelectric actuator, dual laser displacement meters and trio of load cells, are discussed. Attenuation spectra and modulus dispersion measured for aluminum, acrylic plastic, and a rock analogue are presented to illustrate the accuracy of the method.
Introduction
[2] Recent seismological studies provide three-dimensional and highly resolved velocity and attenuation structure of the Earth's interior [e.g., Tsumura et al., 2000; Dalton et al., 2009] . Interpretation of seismic data for thermodynamic state and dynamics, however, requires an improved understanding of rock anelasticity in the seismic frequency range [e.g., Karato, 1993; Karato and Jung, 1998 ]. Historically, experimental studies were performed at ultrasonic frequencies [e.g., Anderson and Isaak, 1995] so that elasticity and anelasticity at lower frequencies were poorly understood. Recent experimental studies have greatly expanded our understanding by measuring shear modulus and attenuation in olivine-dominated aggregates at seismic and subseismic frequencies [e.g., Gribb and Cooper, 1998; Jackson et al., 2002; Tan et al., 2001] . However, the grain size dependence needed to extrapolate experimental data to Earth conditions is still greatly debated and the effect of partial melting still poorly understood. This is because the high temperatures and high pressures required to recreate mantle conditions severely limit the range of conditions that can be explored and, thus, the underlying physics cannot be constrained. Understanding the physical mechanism(s) responsible for wave absorption requires directly measured data over a broader range of frequencies than currently obtainable.
[3] The use of analogue materials is one way to circumvent the complications arising from such experiments. Many crystalline organics have low melting temperatures that allow testing at high homologous temperature (T/T m = 0.6-0.7) to occur at room temperature. Borneol (C 10 H 18 O), for instance, has a T m = 204.5°C and deforms by the same deformation mechanisms (diffusion creep, dislocation creep) as those observed in geologic materials [Sherwood, 1979] . More importantly, it can be combined with another organic, diphenylamine, to take advantage of eutectic phase relations to attain partial melting at a very modest temperature (T e = 43°C). The moderate and controllable dihedral angle (35°at T = 47°C) exhibited by this binary system has been found to provide an equilibrium melt-geometry very similar to that of the olivine + basalt system [Takei, 2000] .
[4] We have fabricated a new testing apparatus to measure anelasticity of a rock analogue over a broad frequency range and at strain amplitudes small enough for linearity. Although commercial testing instruments are available, such multipurpose machines are typically designed to produce large and slow deformation and do not provide the quick response time and displacement resolution that are necessary to obtain precise data over a wide range of frequencies and at very small strain amplitudes. The apparatus described here meets both conditions, as well as those required to meet our further goal of obtaining accurate and reproducible modulus data. Modulus measurements are found to be affected by uncentered loading and poor contact with platens; the various modifications made to prevent these effects are described in this paper. In the companion paper [McCarthy et al., 2011] , results of the anelasticity measurements performed with this apparatus are reported, wherein the relevance of using organic specimens for earth science research is evidenced by the universality of anelasticity of polycrystalline materials.
Forced Oscillation Apparatus
[5] Figure 1 presents a schematic illustration of the forced oscillation apparatus developed in this study. In the experiments, a cylindrical sample is deformed by a vertical uniaxial load in ambient pressure. Young's modulus and attenuation can be measured over a broad frequency range (10-10 −4 Hz) and at small strain amplitudes (10 −6 -10 −5 ). Detailed explanations of the sample assembly, loading system, load measurement, displacement measurement, temperature control, data acquisition, and analysis are given below.
Sample Assembly
[6] Prior to testing, cylindrical samples with a diameter of 30 mm and a length of about 65 mm are placed between two brass platens. The platens are then affixed to a steel base plate and crossbar using small bars that clasp the edge of the platens with screws as shown in Figure 1c . Load cells, which are described more fully in section 2.3, are placed on the crossbar. Screws are used to tighten the platens to the crossbar or to the base plate, and the base plate to the top of the bottom stage, making perfect contact between components. The only contact not controlled by tight screws is that between the sample and platens. In the case of acrylic and metal samples used for calibrations, the contact is secured by superglue. In the case of rock analogue samples, we found that nearly perfect contact (cohesion) is attained naturally after the sample experiences a few days of creep under a stress small enough to minimize dislocations. The platen-clamping system was designed so that a sealed gas barrier film surrounding the sample and platens can be employed without sacrificing assembly stiffness. The seal is needed to prevent sublimation (and evaporation) of organic samples, which is especially important when measuring partially molten samples.
[7] We refer to the set of items shown in Figure 1c as the 'sample assembly'. Once a sample is loaded into the sample assembly, it remains with this unit in its entirety for the duration of testing. However, the sample assembly can be easily removed from and reattached to the apparatus by screws in the steel base plate. This enables multiple measurements on the same sample over a long thermal history, as reported in the companion paper.
Loading System
[8] Load is applied by a multilayer piezoelectric actuator (NEC/TOKIN ASB680C801), which is driven by a voltage from a function generator (Agilent 33220A) that is magnified by a power amplifier (NF HSA4052). The high rigidity (resonant frequency 8 kHz) and the broad working frequency range (constant frequency response from DC to about 20 Hz) of this actuator are suitable to generate various frequencies of sinusoidal loads. Because the present system is designed to apply only a compressive force, an offset force of about +200 N is applied in addition to the sinusoidal load, with amplitudes of 5-50 N (zero-to-peak). This offset load gradually decreases due to shortening of a sample by creep. The maximum stroke of the multilayer piezoelectric actuator (68 mm) is not sufficient to compensate for the sample shortening. Therefore, to control the offset load, we placed at the bottom a vertical elevation stage with a 10 mm stroke driven by a stepping motor (Figure 1a) . During sinusoidal loading, the stage is tightly held by an electromagnet (40 kg capacity); adjustments in stage height to reapply the full offset load are made only with a change in frequency conditions. When the offset load is kept nominally constant by driving the bottom vertical stage frequently (every 20 s or 60 s) without driving the piezoelectric actuator, creep tests can be performed with this present apparatus.
Load Measurement
[9] Load is measured by three load cells (Kyowa, LMA-A, 200 N maximum load each) supporting a top plate at three points in a regular triangle form. Each load cell is superglued to the crossbar at the bottom and epoxied to the top plate at the top. Although use of a single centrally aligned load cell with a rounded protrusion is suitable for centering a load, we found that a single point load exacerbates any small misalignment during creep, allowing pivoting of the crossbar around the point. A change in design to incorporate three load cells and a top plate with a flattened circular protrusion alleviates this problem. The protrusion has a diameter of about 2 mm, which is small enough to ensure a small error in load centering, but wide enough to prevent canting. The top plate is split horizontally into two parts that slide smoothly against one another and can be locked into position by screws. This allows for fine adjustments to the centering of the protrusion once a sample is already loaded in the sample assembly. A signal from each load cell is obtained by a dynamic strain amplifier (Kyowa CDV/CDA-230C). Total load on the sample is determined by summation of values from the three load cells.
Displacement Measurement
[10] The vertical displacement of the sample is measured by a pair of optical displacement meters (LC2420, Keyence Co. Ltd) that read the distance from a probe fixed on the bottom stage to a mirror fixed on each arm of the crossbar. The measurement does not include deformation of the load cells nor the vertical elevation stage. The resolution of the displacement meter is 0.01 mm; even a displacement of 0.3 mm, corresponding to a strain of about 5 × 10 −6 (sample length ∼65 mm), can be measured accurately. The control box of the two displacement meters has only one output channel; of the possible outputs
only one can be selected at a time, where d 1 and d 2 represent displacements measured by the two meters. The use of summation has many merits. While a vertical load causes longitudinal motion of the sample, a small error in load centering causes flexural motion. As shown in section 3.1, the flexural motion is the most serious error source in measuring the modulus of samples. By taking the summation of the two displacement measurements, we can correct the data for the flexural motion and significantly improve the accuracy of the measurements. Motorized positioning stages (Sigma Koki SGSP20, 20 mm stroke) allow us to raise and lower each displacement meter to keep it within its linear range of measurement (±200 mm). Therefore, displacements can be measured beyond the limitation of ±200 mm. During sinusoidal loading, these stages are tightly held; adjustments to stage heights are made only with a change in frequency conditions.
Temperature Control
[11] In order to control temperature of the sample between 20 and 50°C, the entire apparatus is placed within a temperaturecontrolled chamber (incubator, Yamato IS600), which is placed on a vibration-free tabletop. Several acrylic layers shield the sample assembly from heat generated by displacement meters, motors, and the electromagnet (Figure 1a ). To ensure that the meters are within an optimal working temperature range (≤40°C), housing boxes of the displacement meters are connected to the outside of the incubator by tubes through which cool air is circulated by a compressor. The temperature achieved inside the incubator, therefore, is influenced by this heating and cooling. The temperature of the sample is monitored by two thermo-couples: one embedded in the top of the bottom stage, T 1 , and the other held in air approximately 5 mm from the sample, T 2 . During experiments, air flow is held constant and temperature of the entire system is allowed to equilibrate for several hours. Under the equilibrium state, temperature heterogeneity in the sample, evaluated by the difference between the two thermo-couples, is <0.6°C at T = 20°C, <0.1°C at T = 30°C, <0.5°C at T = 40°C and <2°C at T = 50°C. The temperature condition for each run is hereafter represented as
Data Acquisition and Analysis
[12] Signals from the three load cells, F 1 , F 2 , and F 3 , and a signal corresponding to the summation of the two displacements, d 1 + d 2 , at a frequency set by the function generator, are digitized and recorded by a 4-channel digital oscilloscope (Tektronix TDS420A) and transferred to PC. For each frequency f, time series data of vertical force F(t) and vertical displacement d(t) are calculated as
which are converted to time series data of longitudinal stress s(t) and longitudinal strain "(t) as
where S and L represent sample cross-sectional area and sample length, respectively. The number of cycles included in the time series data is 5 to 30, depending on frequency, such that the smaller number is for lower frequency. Both "(t) and s(t) contain nearly linear trends corresponding to sample shortening (creep) and relaxation of the offset stress, respectively. The data corrected for these trends are sinusoidal and are characterized by amplitude and phase as
where w = 2pf represents angular frequency and parameters s 0 , " 0 , F s , and F " are determined by either data fitting or Fourier analysis of the time series data. The method of least squares fitting used in this study is presented in Appendix A. Young's modulus E and attenuation Q −1 for each frequency f are calculated from these parameters as
where d represents the phase lag, d = F " − F s (>0). Here, we also introduce complex compliance J* (and, storage compliance J 1 and loss compliance J 2 ) defined by
Representation by J* is used in sections 3.3 and 5, where mathematical procedures are more straightforwardly performed on J 1 and J 2 than on E and Q −1 . For convenience, formulae to calculate J 1 and J 2 from E and Q −1 , and the reverse, are presented in Appendix B.
Calibrations
[13] The rock analogue samples used in this study were made from fine-grained powder pressed into cylinders with radius R = 15 mm and length L ' 65 mm. For the calibration of the apparatus, cylindrical samples of stainless steel, aluminum, and acrylic were prepared and assembled similarly to the rock analogue sample. Dimensions, Young's modulus, and attenuation of these samples are summarized in Table 1 . We describe three important characteristics of the apparatus that determine the reproducibility, frequency range, and accuracy of its measurement.
Effect of Miscentering
[14] Miscentering of vertical load F causes a flexural motion of the sample. As illustrated in Figure 2 , when the miscentering of the loading point is r, bending angle is given by = ML/(EI) with M = rF (bending moment), I = pR 4 /4 (2nd moment of cylinder), and Young's modulus E [e.g., Landau and Lifshitz, 1965] . When is small, the difference between the vertical displacements d 1 and d 2 at the ends of the crossbar is given by Dd = d 1 − d 2 = N, where N represents the length of the crossbar (Figure 2 ). Longitudinal displacement of the sample d, which can be estimated by the average of d 1 and d 2 , is related to F as d = FL/(ES). Therefore, we obtain
For the present apparatus, N = 110 mm and R = 15 mm. Hence, Dd/d ' 1 for r = 0.5 mm. Because it is difficult to configure the sample assembly such that r ( 0.5 mm, both d 1 and d 2 can be considerably affected by bending.
[15] Figure 3 shows the results of three runs performed on the acrylic sample, where both d 1 and d 2 were measured separately. Because d 1 and d 2 cannot be measured simultaneously (section 2.4), every frequency was repeated twice. Although the three runs were performed on the same acrylic sample, the upper sliding plate with protrusion (section 2.3) was systematically moved before each run so that the deviation of the loading point from the center axis of the sample, r, was slightly different for each run. Figures 3a-3c show F(t), d 1 (t), and d 2 (t) during the first five cycles of f = 1 Hz. The effect of bending on d 1 and d 2 is very small in Figure 3a , but significant in Figures 3b and 3c : Figure 3a shows that Dd/d = 0.04 and hence miscentering of the load is estimated from equation (6) Radius R and length L of regular cylinders. b T = 20°C and f = 1 MHz (ultrasonic) for rock analogue [Takei, 2000] ; T = 20°C and f = 1 Hz for acrylic [Yee and Takemori, 1982] , aluminum [Lakes, 1999] , and stainless steel [Lakes, 1999] . it can likely be attributed to resonance of the apparatus. Because of this fluctuation, data for f > 10 Hz are not used in this study.
[17] An additional factor determining the range of testing frequencies possible is the averaging that is performed by the displacement meter to optimize data quality. Figure 4 shows E and Q −1 measured for the acrylic sample by using the output of d 1 + d 2 . In Figure 4 , the data obtained with the highest response frequency of the displacement meter (20 kHz, circular symbols labeled "average 1") are compared to the data obtained with a lowered response frequency due to averaging (2.5 kHz, cross symbols labeled "average 8"). Although the two methods of data acquisition are consistent at most frequencies of testing, the Q −1 of "average 8" begins to deviate from that of "average 1" at f > 2.15 Hz. Because the Q −1 of "average 1" agrees well with the published data [Yee and Takemori, 1982] , the deviation of "average 8" is considered to be due to the low response frequency. All the data in this paper, unless described otherwise, were obtained under the condition of "average 1", and the data in the companion paper [McCarthy et al., 2011] were obtained under the condition of "average 8". Therefore, the upper frequency limit is 10 Hz in this paper, but 2.15 Hz in the companion paper.
Effect of Apparatus Stiffness
[18] So far in this paper, the measured displacement is fully attributed to the sample deformation. However, because the stiffness of the apparatus is not infinite, the measured displacement also includes deformation of the apparatus. To assess the stiffness of the apparatus, a blank test, or null experiment, was performed by using the stainless steel sample.
[19] The present experimental system can be modeled by a two-spring system connected in mechanical series (Figure 5a ). Displacement d obs (t) directly obtained from the experiment is considered to be the sum of sample displacement d s (t) and apparatus displacement d a (t) in response to a given force F(t). Because the overall effect of apparatus stiffness cannot be assessed in terms of the complex compliance J*, which is independent of the sample dimensions, we introduce "complex spring compliances" C obs * , C s *, and C a * (m/N), defined by 
t), d s (t), and d a (t), respectively, with respect to a sinusoidal force F(t). From d obs (t) = d s (t) + d a (t), we obtain
Therefore, by substituting C obs * measured by the blank test and C s * of the stainless steel sample into equation (8), the complex spring compliance of the apparatus, C a *, is estimated. Using the values of E, Q −1 , R, and L in Table 1 , C s * is calculated as Re(C s * ) = 4.6 × 10 −10 m/N and Im(C s *) = 2.3 × 10 −13 m/N, where Re(C*) and Im(C*) represent the real and imaginary parts, respectively, of a complex number C*. The obtained C a * is plotted in Figure 5b , which shows that Re(C a * ) < 1.5 × 10 −9 m/N and Im(C a *) < 10 −10 m/N for 10 −4 ≤ f < 10 2 Hz, and that the effect of temperature on C a * is small between 20°C and 50°C. From equations (7) and (8), the procedure of the correction for the apparatus stiffness is explicitly written as
where J obs * and J s * represent the complex compliances (equation 5) before and after the correction, respectively.
[20] To accurately measure the viscoelastic properties of the material being tested, the spring compliance of the sample must be larger than that of the apparatus. This condition is explicitly written as Re(C s *) > Re(C a *) and Im(C s *) > Im(C a *). For a cylindrical sample with cross-sectional area S = pR 2 and length L, the range of Young's modulus E and attenuation Q −1 satisfying these conditions is written as E < L/S/Re(C a *) and Q −1 > (SE/L) · Im(C a *). Therefore, the accuracy of measurements depends on both material properties and sample dimensions. Figure 6 shows these limits for R = 15 (or 9.5) mm, L = 65 (or 100) mm, Re(C a *) = 1.5 × 10 −9 m/N, and Im(C a *) = 10 −10 m/N. Also shown in Figure 6 are E and Q −1 of the materials used in this study. For the borneol (rock analogue) and acrylic samples, both E and Q −1 are well within the limits (shaded area). Therefore, both E and Q −1 can be measured accurately with this apparatus. For the aluminum sample, E is within the limit (smaller side of the vertical dashed line), but Q −1 is outside the limit (lower side of the oblique dashed line). Therefore, E can be measured accurately, but Q −1 cannot. Results for the aluminum and acrylic shown in section 4.1 are consistent with the predictions of Figure 6 .
Results of Test Measurements
[21] In section 4.1, we report measurements of Young's modulus E and attenuation Q −1 of aluminum and acrylic to check the performance of the apparatus. For acrylic, in addition to the sample shown in Table 1 , two samples with R = 15 mm and L = 40 and 90 mm were prepared to assess the effect of sample length. By comparing our data to previous data by Lakes [1999] and Yee and Takemori [1982] , system- atic error of our experimental system is assessed. Random error is also determined by multiple measurements. Then, in section 4.2, typical data for rock analogue are shown.
Aluminum and Acrylic
[22] Figure 7 shows Young's modulus E and attenuation Q −1 measured for the aluminum sample at T = 20.3 ± 0.2°C. In Figure 7a , data from one measurement before and after correcting for the stiffness of the apparatus (C a *) are shown together with the data of Lakes [1999] . As discussed in section 3.3, it is predicted from Figure 6 that E can be measured, but Q −1 cannot. Consistent with this prediction, the values of E obtained after the correction for C a * agree well with 70 GPa, whereas Q −1 is significantly larger than ∼10 −3 even after correction for C a *. The observation that E is almost independent of frequency is consistent with the small value of Q −1 . Figure 7b shows random variation of the data from multiple measurements, in which only the data corrected for C a * are shown. Of the five measurements, two were from the same sample assembly (untouched) and three were from a reassembly of the same. The absolute value of E is scattered by about 6% around 70 GPa, while Q −1 data, which were obtained outside the accurately measurable range of the apparatus, display significantly more scatter.
[23] Figure 8 shows Young's modulus E and attenuation Q −1 measured for the acrylic samples at T = 20.8 ± 0.4°C. In Figure 8a , data from one measurement performed on the sample with R = 15 mm and L = 65 mm are shown together with the data by Yee and Takemori [1982] at 20°C. Figure 6 shows that this sample has E and Q −1 well within the accurately measurable range (shaded area). Good agreement between our data and the data by Yee and Takemori [1982] can be obtained for both E and Q −1 (Figure 8a ). Because the viscoelastic properties of acrylic may be influenced by individual manufacturing processes, we do not further discuss the small discrepancies between the two data sets. Figure 8b shows the random variation of data from multiple measurements: each of the three samples with R = 15 mm and L = 40, 65 and 90 mm was tested 4-5 times with and without reassemblage. For each sample, the absolute value of E scattered by about 5%, whereas discrepancies in the Q −1 data were considerably smaller (∼3%). The data in Figure 8b also demonstrate the effect of sample length. The top and bottom of the acrylic samples are superglued to much stiffer platens (brass, E = 100 GPa). Because E is calculated by assuming frictionless contact or a length/ radius ratio large enough to neglect the effect of boundary conditions, a small length/radius ratio of the sample causes an overestimation of E; E is overestimated by ∼1% for 90 mm (L/R = 3), ∼3% for 65 mm (L/R = 2.2), and ∼7% for Figure 6 . Range of Young's modulus E and attenuation Q −1 accurately measurable by this apparatus is shown together with E and Q −1 of the various materials used in this study. Solid lines assume a cylindrical sample with radius R = 15 mm and length L = 65 mm and dashed lines assume R = 9.5 mm and L = 100 mm. [Yajima et al., 1984] . (Poisson's ratio of acrylic is 0.37 at 20°C and f = 1 Hz [Yee and Takemori, 1982] .) These effects of length on E, however, are not clear in Figure 8b , probably because of the random error data scattering mentioned above. Because the effect of sample length was not clearly detected and because overestimation of E at L/R = 2.2 (the typical ratio used in our experiments) is small (∼3%) compared to the random error scattering of E (∼5%), correction of E for the sample length was not performed in this paper.
[24] To check the linearity of the response, a suite of tests were conducted on the acrylic sample with L = 90 mm for multiple stress/strain amplitudes (s 0 ' 0.09-0.01 MPa and " 0 ' 2 × 10 −5 -3 × 10 −6 ). Both E and Q −1 demonstrated good agreement independent of amplitude, and were within the random error.
[25] The good agreement of the results of aluminum (E) and acrylic (E and Q −1 ) with existing data shows that systematic errors are small in our experiment. Absolute values of E are subject to random error of about 5-6%, whereas random variation of Q −1 data is considerably smaller. A possible source of random error might be a variation of overall sensitivity of the meters to convert force and displacement to electrical signals. This hypothesis also explains why random error of Q −1 is much smaller, since phase delay between the two sinusoidal signals is almost independent of the meters' sensitivities.
Rock Analogue
[26] Figure 9 shows Young's modulus E and attenuation Q −1 of the rock analogue sample measured at 23.6 ± 0.3°C. This sample is a polycrystalline aggregate of borneol with an average grain size of 3.35 ± 0.15 mm. Both E and Q −1 are well within the accurately measurable range (shaded area in Figure 6 ). The linearity of the anelastic response was checked for multiple stress/strain amplitudes (s 0 ' 0.08-0.005 MPa and " 0 ' 5 × 10 −5 − 2 × 10
), the results of which are shown in the companion paper. The measured Q −1 gradually increases with decreasing frequency, the shape of which is quite similar to the so-called 'high temperature background' observed for olivine aggregates in the range 1000-1200°C [Gribb and Cooper, 1998; Tan et al., 2001; Jackson et al., 2002] . Because the melting temperature of borneol is 204.5°C, the homologous temperature of this experiment (T/T m = 0.62) is comparable to those of studies on olivine aggregates (e.g., T/T m = 0.63 for T = 1100°C for pure forsterite). In the companion paper, we show that the anelastic behavior observed for this analogue sample is caused by a mechanism common to polycrystalline materials including olivine aggregates, and hence study of this analogue sample can make a significant contribution to the understanding of rock anelasticity.
[27] For the rock analogue, the correction to E for apparatus stiffness is about 3% (Figure 9 ). This effect and the effect of sample length (∼3% for L/R = 2.2) nearly offset each other. Therefore, in the companion paper, correction for the apparatus stiffness is not performed, for simplicity.
Discussion
[28] The results of our study demonstrate that both E and Q −1 for acrylic and rock analogue can be measured accurately within this apparatus. Because the anelastic responses of these materials are linear, E and Q −1 are related by the Kramers-Kronig relations. These two properties, however, are measured independently through amplitude ratio and phase delay, respectively. Therefore, by checking the internal consistency between E and Q −1 with respect to the Kramers-Kronig relations, we can further assess the quality of our data. Compared to E and Q −1 , J 1 and J 2 are more straightforwardly related by the Kramers-Kronig relations. For acrylic and rock analogue, measured J 1 and J 2 are calculated from measured E and Q −1 (equation B2). Figure 10 shows the comparison between the measured J 1 and J 1 predicted from the measured J 2 by the Kramers-Kronig relations. Equations used in this calculation are presented in the companion paper. Because only the frequency dependence of J 1 can be predicted from J 2 , the measured value of J 1 at f = 1 Hz was used to determine the absolute value. Excellent agreement between the two values of J 1 was obtained for the acrylic sample at all frequencies. For the rock analogue sample, good agreement was obtained for f > 10 −2 Hz. However, for f < 10 −2 Hz, the predicted J 1 deviates upward. In the companion paper, we show that this deviation is due to viscous deformation of the sample, which is neglected in the Kramers-Kronig relations used in Figure 10 . Detailed analysis on the consistency between J 1 and J 2 (or, E and Q −1 ) by taking into account viscosity is given in the companion paper. With such a result, we conclude that consistent data for E and Q −1 can be obtained for both acrylic and rock analogue.
[29] The accuracy and reproducibility of the modulus data have been significantly improved by the use of twin displacement meters. However, as discussed in section 4.1, uncertainty in the sensitivities of the force and displacement meters likely contribute to random error of about 5-6%, in the absolute value of Young's modulus. Q −1 data obtained from the phase delay of two sinusoidal signals, independent of sensitivities of the meters, have much smaller random error. Accurate and robust Q −1 data can be obtained, as long as the response frequencies of the meters are much higher than the run frequency. In the companion paper, we measure E and Q −1 of the rock analogue for various grain sizes and temperatures, establishing a scaling law applicable to general polycrystalline materials. The detailed shape of the Q −1 spectrum for 10 −4 ≤ f ≤ 2.15 Hz plays an important role in extrapolation of experimental data to earth mantle conditions. Therefore, the reliability and accuracy of the Q −1 measurements are worth emphasizing.
Conclusion
[30] We developed a forced oscillation apparatus with which Young's modulus E and attenuation Q −1 of rock analogue samples can be measured accurately over a broad frequency range (10 −4 ≤ f ≤ 10 Hz) and a temperature range (20-50°C). Accurate measurement can be performed even for small strain amplitude (∼10 −6 ), which enables us to obtain the linear response of materials. Based on the result of a blank test, we have calculated the upper limit of E and the lower limit of Q −1 that can be measured accurately with the present apparatus. On the one hand, absolute values of E are subject to random error of about 5%, probably because of the uncertainty of the meters' sensitivities. On the other hand, Q −1 data obtained from the phase delay of two sinusoidal signals are almost free from such uncertainty. The quality of our data was confirmed from the good agreement of E and Q −1 measured for aluminum and acrylic with previously published data and from the internal consistency between E and Q −1 with respect to the Kramers-Kronig relations. With the present apparatus, creep tests to measure steady state viscosity can also be performed.
Appendix A: Calculation of Amplitude and Phase
[31] Let g(t n ) (n = 1,2,..,N) be finite and discrete time series data of the form:
where A, B, and C are constants, and w = 2pf with a known frequency f. When time interval t N − t 1 is not an integer multiple of the period f −1 , parameters A and B are not equal to the Fourier coefficients of g(t n ) at w. In such general Figure 10 . Consistency between modulus and attenuation data is confirmed from the agreement between measured J 1 and J 1 predicted from the measured J 2 based on the Kramers-Kronig relations. The data for acrylic and rock analogue (Figures 8a and 9) are shown, for which both E and Q −1 are in the accurately measurable range of the apparatus. Note that the large deviation in the data of rock analogue at f < 10 −2 is due to viscous deformation of the sample, which is not taken into account in the KramersKronig relations used. This problem is solved in the companion paper by a generalized approach with viscous deformation.
cases, due to the least squares fitting of equation (A1) to g(t n ), unknown parameters A, B, and C are calculated as 
Appendix B: Conversion from E and Q −1 to J 1 and J 2
